Background: Soluble epoxide hydrolase (sEH) is a cytosolic enzyme whose pharmacological inhibition or targeted deletion in mice has beneficial effects, including improved insulin signaling in liver and adipose tissue. Results: sEH inhibition or deficiency attenuates high fat diet-and chemical-induced endoplasmic reticulum (ER) stress in mice and cells, respectively. Conclusion: sEH modulates ER stress in a cell-autonomous manner. Significance: sEH may be a therapeutic target for mitigating complications associated with the metabolic syndrome.
Soluble epoxide hydrolase (sEH) is a cytosolic enzyme whose inhibition has beneficial effects in cardiovascular, inflammatory, and metabolic diseases in murine models. Mice with targeted deletion or pharmacological inhibition of sEH exhibit improved insulin signaling in liver and adipose tissue. Herein, we assessed the role of sEH in regulating endoplasmic reticulum (ER) stress in liver and adipose tissue. We report that sEH expression was increased in the livers and adipose tissue of mice fed a high fat diet, the adipose tissue of overweight humans, and palmitate-treated cells. Importantly, sEH deficiency or inhibition in mice attenuated chronic high fat diet-induced ER stress in liver and adipose tissue. Similarly, pharmacological inhibition of sEH in HepG2 cells and 3T3-L1 adipocytes mitigated chemical-induced ER stress and activation of JNK, p38, and cell death. In addition, insulin signaling was enhanced in HepG2 cells treated with sEH substrates and attenuated in cells treated with sEH products. In summary, these findings demonstrate that sEH is a physiological modulator of ER stress and a potential target for mitigating complications associated with obesity.
Obesity and metabolic syndrome result from excess calorie intake and genetic predisposition. Obese individuals exhibit a higher risk of chronic diseases such as type 2 diabetes and cardiovascular disease (1) (2) (3) . The mechanisms by which excess nutrients and adiposity trigger changes that lead to these chronic diseases are still being elucidated. A growing body of evidence indicates that endoplasmic reticulum (ER) 3 dysfunction is a contributor to metabolic disease (4, 5) . The ER is highly responsive to nutrients and energy status of the cell and plays an important role in folding and maturation of newly synthesized proteins. When the folding capacity of the ER is exceeded, misfolded proteins accumulate and lead to ER stress (6) . Of note, high fat feeding and genetic obesity in mice lead to increased ER stress in liver and adipose tissue (4) . In addition, obese individuals exhibit increased expression of multiple markers of ER stress (7) . Thus, understanding the role of ER stress in adiposity and insulin resistance may be of therapeutic potential for the treatment of metabolic diseases.
Cells use adaptive mechanisms to mitigate ER stress and to restore homeostasis known as the unfolded protein response. Unfolded protein response signaling consists of three branches initiated by the ER transmembrane proteins PKR-like ER-regulated kinase (PERK), inositol-requiring enzyme 1␣ (IRE1␣), and activating transcription factor 6 (ATF6) (5, 8, 9) . These sensor proteins respond to changes in protein folding status in the ER and convey information to activate distinct and sometimes overlapping pathways. PERK phosphorylates the ␣-subunit of eukaryotic translation initiation factor 2 (eIF2␣) at Ser 51 , leading to rapid and transient attenuation of protein synthesis (10 -12) . IRE1␣ activation leads to the unconventional splicing of X-box-binding protein 1 (XBP1) mRNA, leading to the synthesis of a nuclear XBP1 form that induces the transcription of genes encoding ER chaperones and ER-associated protein degradation (13) (14) (15) . The third canonical branch includes ATF6␣, which, upon ER stress, traffics to the Golgi apparatus, where it is cleaved to liberate a fragment that translocates to the nucleus to induce genes encoding ER chaperones and ER-associated protein degradation functions (16, 17) . The distant unfolded protein response arms synergize to attenuate stress by increasing the folding capacity of the ER, translational attenuation, ER biogenesis, and ER-associated protein degradation (6) . However, if the compensatory mechanisms fail to facilitate the adaptation of cells to ER stress, induction of the unfolded protein response can lead to apoptosis (18, 19) .
Soluble epoxide hydrolase (sEH) is a cytosolic enzyme with C-terminal epoxide hydrolase and N-terminal lipid phosphatase activities (20, 21) . sEH inhibition has beneficial effects in cardiovascular, renal, and inflammatory diseases in murine models (22, 23) . Endogenous substrates for sEH include epoxy fatty acids such as epoxyeicosatrienoic acids (EETs). EETs are arachidonic acid metabolites produced by cytochrome P-450 epoxygenases. sEH plays a key role in regulating the levels of EETs by effectively degrading them into more polar and usually less potent metabolites, dihydroxyeicosatrienoic acids (DHETs) (24, 25) . sEH-selective inhibitors (sEHI) stabilize EETs and other epoxy fatty acids by preventing their conversion to DHETs or the corresponding diols (26) . The stabilized EETs are anti-hypertensive, anti-inflammatory, and anti-hyperalgesic in both inflammatory and neuropathic pain models (27) (28) (29) . In addition to their salutary effects in the vasculature, EETs may have beneficial effects on lipid metabolism and insulin sensitivity. sEH activity is increased in epididymal fat pads of mice fed a high fat diet (HFD) (30) . Moreover, sEH expression is increased in obese Zucker rats, a commonly used animal model of obesity and insulin resistance (31) . Furthermore, in a type 1 diabetes model, genetic and pharmacological inhibition of sEH results in increased insulin secretion and attenuation of hyperglycemia (31) . Finally, sEH deficiency or pharmacological inhibition in mice improves systemic glucose tolerance and enhances insulin signaling in liver and adipose tissue (32) . In this study, we determined the effects of sEH deficiency and pharmacological inhibition on ER stress signaling in liver and adipose tissue and investigated the underlying molecular mechanism.
EXPERIMENTAL PROCEDURES
Reagents-DMEM, G418, penicillin/streptomycin, puromycin, newborn calf serum, FBS, and trypsin were purchased from Invitrogen. Antibodies for sEH were generated by in the Hammock laboratory (28 ) were purchased from Abcam (Cambridge, MA). HRP-conjugated secondary antibodies were purchased from BioResources International (Carlsbad, CA). EET, epoxyoctadecenoic acid (EpOME), and their corresponding diol products (DHET and dihydroxyoctadecenoic acid (DiHOME), respectively) were prepared in the Hammock laboratory as described previously (33) . Unless indicated otherwise, all other chemicals were purchased from Sigma.
Mouse Studies-Mice with a targeted disruption in exon 1 of the Ephx2 gene (34) were back-crossed onto a C57BL/6 background (The Jackson Laboratory) 10 generations prior to use in this study (32) . Mice were maintained on a 12-h light/dark cycle in a temperature-controlled facility with free access to water and food. For experiments assessing nutritional regulation of sEH expression (see Fig. 1 ), mice were fed a HFD (60% kcal from fat; D12492, Research Diets, New Brunswick, NJ) for the indicated times. For all other studies, Ephx2 knock-out (KO) and WT mice were fed a regular chow diet (13.5% kcal from fat; Purina LabDiet 5001) at weaning or a HFD (42% kcal from fat; Harlan Teklad TD.88137) at 6 weeks of age. In addition, mice were treated with a selective sEHI, 1-(1-(methylsulfonyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea (TUPS). Mice were provided TUPS (10 g/ml in 1% polyethylene glycol 400) in drinking water starting from 6 weeks of age throughout the study, and control mice were provided drinking water containing 1% polyethylene glycol 400 as described previously (32) . All mouse studies were approved by the Institutional Animal Care and Use Committee of the University of California, Davis.
Cell Culture-HepG2 cells were maintained in 5% CO 2 at 37°C in DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. 3T3-L1 cells were maintained in high glucose (25 mM) DMEM supplemented with 10% newborn calf serum and penicillin/streptomycin. Confluent 3T3-L1 cells were cultured in differentiation medium (1.7 M insulin and high glucose DMEM supplemented with 10% FBS). After 2 days, cells were cultured in induction medium (1.7 M insulin and high glucose DMEM supplemented with 10% FBS, 1 M dexamethasone, and 0.5 mM 3-isobutyl-l-methylxanthine) for 48 h. After induction, cells were cultured in differentiation medium until they exhibited a differentiated phenotype. ER stress was induced in cells by treatment with thapsigargin (TG; 2 M) for 2 h or palmitate (0.5 mM) for the indicated times. Palmitate was freshly prepared in HEPES/DMEM buffer containing 10.5% fatty acid-free BSA. When indicated, cells were pretreated with TUPS (1 M) alone or in combination with EET, EpOME, DHET, or DiHOME (1 M each) (35, 36) for 1 h, and then ER stress was induced by treating cells with palmitate (0.5 mM) for 24 h. For insulin signaling experiments, HepG2 cells were starved overnight in low glucose (5.5 mM) medium containing TUPS (1 M) alone or in combination with 4-phenylbutyric acid at 20 mM or with EET, EpOME, DHET, or DiHOME at 1 M and then stimulated with 100 nM insulin for 10 min.
Biochemical Analyses-Mouse tissues were dissected and immediately frozen in liquid nitrogen. Tissues were ground in the presence of liquid nitrogen and lysed using radioimmunoprecipitation assay buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate, and protease inhibitors). Lysates were clarified by centrifugation at 13,000 rpm for 10 min, and protein concentrations were determined using a bicinchoninic acid protein assay kit (Pierce). HepG2 cells, 3T3-L1 adipocytes, and human abdominal subcu-taneous adipose tissue (from the National Human Tissue Resource Center) were lysed using radioimmunoprecipitation assay buffer. Proteins were resolved by SDS-PAGE and transferred to PVDF membranes. Immunoblotting was performed with the relevant antibodies, and proteins were visualized using Luminata TM Forte (Millipore, Billerica, MA). For quantitation purposes, pixel intensities of immunoreactive bands from blots that were in the linear range of loading and exposure were quantified using FluorChem 9900 (Alpha Innotech).
RNA was extracted from liver and subcutaneous white adipose tissue using TRIzol reagent (Invitrogen). cDNA was generated using a high-capacity cDNA archive kit (SuperScript TM III reverse transcriptase, Invitrogen). mRNAs from BiP, sXBP1, and CHOP were assessed by RT-PCR (iCycler, Bio-Rad) and normalized to TATA box-binding protein. For RT-PCR, ABsolute Blue qPCR premix (Thermo Scientific) was mixed with each primer. The primers used were as follows: CHOP, 5Ј-CCCTGCCTTTCACCTTGG-3Ј (forward) and 5Ј-CCGC-TCGTTCTCCTGCTC-3Ј (reverse); BiP, 5Ј-ACTTGGGGAC-CACCTATTCCT-3Ј (forward) and 5Ј-ATCGCCAATCAGAC-GCTCC-3Ј (reverse); sXBP1, 5Ј-GGTCTGCTGAGTCCGCAG-CAGG-3Ј (forward) and 5Ј-AGGCTTGGTGTATACATGG-3Ј (reverse); and TATA box-binding protein, 5Ј-TTGGCTAGG-TTTCTGCGGTC-3Ј (forward) and 5Ј-TGCTGTAGCCGTA-TTCATTG-3Ј (reverse).
Statistical Analyses-Data are expressed as means Ϯ S.E. All statistical analyses were performed using JMP Statistical Discovery (SAS Institute). Comparisons among multiple groups were made using one-way analysis of variance and the Bonferroni-Holmes method for post hoc analysis. For experiments on cells, statistical analyses were performed using Student's t test.
RESULTS

Chronic ER Stress Increases sEH Protein Levels in Liver and
Adipose Tissue-We evaluated sEH expression in the livers and adipose tissue of mice fed a regular chow diet (Purina lab chow) versus mice fed a HFD (60% kcal from fat) for 5 and 10 months to induce chronic ER stress. Consistent with published data (4, 7, 37), high fat feeding led to elevated ER stress in liver and adipose tissue. Immunoblot analyses indicated that BiP expression was increased in lysates of liver and subcutaneous adipose tissue of mice fed a HFD compared with those fed a regular chow diet (Fig. 1A) . In addition, sEH protein expression was increased in liver (1.8-and 2.6-fold) and adipose tissue (1.9-and 3.4-fold) after 5 and 10 months of high fat feeding, respectively (Fig. 1A) . To investigate whether chemical-induced ER stress also leads to comparable alterations in sEH expression, HepG2 cells and 3T3-L1 adipocytes were treated with palmitate, which induces ER stress through degradation of carboxypeptidase E (38) . Palmitate treatment led to increased BiP and sEH protein Each lane represents a sample from a separate animal. The bar graph represents normalized data expressed as arbitrary units (A.U.) for sEH/tubulin from six mice per group and presented as means Ϯ S.E. *, p Յ 0.05, significant difference between mice fed a HFD and those fed a regular chow diet for the corresponding duration; **, p Յ 0.01. B, HepG2 cells (upper panel) and differentiated 3T3-L1 adipocytes (lower panel) were treated with palmitate for the indicated times, and lysates were immunoblotted for sEH, BiP, and tubulin. C, adipose tissue lysates from lean and overweight human male subjects were immunoblotted for sEH, BiP, and tubulin. BW, body weight. levels in HepG2 cells and 3T3-L1 adipocytes (Fig. 1B) . Finally, to determine whether findings from rodent and cell models translate to humans, we analyzed sEH expression in human adipose tissues from lean and overweight subjects. Immunoblot analyses revealed increased sEH protein levels in lysates of adipose tissue from overweight subjects compared with lean controls (Fig. 1C) . Together, these findings indicate that obesity induces an increase in sEH expression in vivo. Moreover, these results identify HepG2 and 3T3-L1 as suitable cell models for the assessment of sEH function in ER stress. sEH Regulates ER Stress Signaling in Vivo-The increased sEH expression upon HFD-and chemical-induced ER stress raised the possibility that sEH may play a role in regulating ER stress in liver and adipose tissue. To test this, we determined the effects of sEH deficiency and pharmacological inhibition on HFDinduced ER stress in vivo. sEH KO and WT mice were fed a regular chow diet and a HFD for 10 months as described previously (32) . As a complementary approach for assessing the role of sEH in ER stress, pharmacological inhibition was achieved by treating mice with a sEHI (TUPS) (32) . TUPS is an effective sEHI (IC 50 ϭ 5 and 3 nM for murine and human sEH, respectively) (21, 39) . The TUPS concentration in the plasma of treated mice was higher than its IC 50 , as we reported previously (32) 
The effects of sEH deficiency and pharmacological inhibition on ER stress signaling were evaluated in the livers and subcutaneous adipose tissue of mice fed a regular chow diet and a HFD. As reported previously (37, 40, 41) , prolonged high fat feeding induced ER stress, as evidenced by increased PERK (Thr ) phosphorylation and increased sXBP1 and cATF6 expression in liver lysates of WT and KO mice fed a HFD compared with those fed a regular chow diet ( Fig. 2A , white versus light gray bars). Expression of GADD34 (an eIF2␣ phosphatase) was reduced in WT mice fed a HFD compared with those fed chow, in line with published data (42), but was elevated in KO mice, in line with eIF2␣ phosphorylation (Fig. 2A) . Importantly, sEH KO mice exhibited attenuated hepatic ER stress compared with WT mice fed a regular chow diet, and this attenuation was more apparent when mice were fed a HFD ( Fig. 2A) . Notably, sEH pharmacological inhibition also attenuated hepatic ER stress. sEHI-treated WT mice fed a regular chow diet and a HFD exhibited attenuated ER stress compared with non-treated WT mice ( Fig. 2A) . In addition, sEHI-treated KO mice exhibited comparable ER stress signaling, for most but not all markers, to non-treated KO mice (Fig. 2A) . In line with these findings, hepatic mRNAs from BiP, sXBP1, and CHOP were decreased upon sEH deficiency and inhibition compared with controls, indicating attenuated ER stress (Fig. 2B) . Finally, similar to what was observed in liver, sEH deficiency and pharmacological inhibition mitigated HFD-induced ER stress in adipose tissue (Fig. 2, C and D) . Collectively, these findings indicate a role for sEH in regulating ER stress in liver and adipose tissue.
sEH Regulates ER Stress Signaling in Vitro-To establish whether the observed effects of sEH on ER stress in vivo were cell-autonomous, we determined the effects of sEH inhibition on ER stress in HepG2 cells and 3T3-L1 adipocytes. Cells were treated with the sEHI TUPS, and then ER stress was induced with TG as described previously (43, 44) . Under basal conditions (without TG), sEH inhibition led to mild attenuation of several markers of ER stress in both cell lines (Fig. 3, A and B) . As expected, TG treatment led to a significant increase in the three subarms of ER stress signaling. Importantly, sEH inhibition led to significant attenuation of TG-induced ER stress signaling in both cell lines (Fig. 3, A and B) . Similarly, inhibition of sEH using another inhibitor, 3,4,4Ј-trichlorocarbanilide (an antimicrobial agent that is a potent inhibitor of recombinant murine and human sEH in vitro) (33, 45) , also attenuated TGinduced ER stress (data not shown). This indicates that the effects of sEH inhibition on TG-induced ER stress are not unique to a specific inhibitor. Collectively, these findings demonstrate that pharmacological inhibition of sEH attenuates chemical-induced ER stress in a cell-autonomous manner.
sEH Inhibition Mitigates ER Stress-mediated Inflammation and Apoptosis-ER stress is deployed by hepatocytes and adipocytes to cope with nutrient-induced changes in protein synthesis and secretion and to balance newly synthesized protein load against the ER folding capacity. However, excessive ER stress has been linked to inflammatory responses and eventually cell death (46) . We investigated the effects of sEH pharmacological inhibition on the inflammatory response of HepG2 cells and 3T3-L1 adipocytes after TG-induced ER stress. Consistent with previous reports, TG treatment induced JNK phosphorylation in HepG2 cells (47) and 3T3-L1 adipocytes (48) (Fig. 4, A and B) . Importantly, sEH inhibition reduced TG-induced phosphorylation of JNK, its substrate c-Jun, and p38 in both cell lines (Fig. 4, A and B) . Caspase-3 is implicated in ER stress-induced cell death (49, 50) . After exposure to apoptotic stimuli, cells activate initiator caspases that proteolytically cleave and activate effector caspases (such as caspase-3) to dismantle the dying cell. Accordingly, we determined ER stress-induced expression of caspase-3 in control versus sEHI-treated cells. As expected, TG treatment led to a significant increase in caspase-3 expression (Fig. 4, A and B) . However, sEH inhibition significantly decreased TG-induced caspase-3 expression. Together, these results indicate that sEH inhibition can be a protective mechanism against ER stress-induced inflammation and apoptosis.
EET and Epoxy Fatty Acid Treatment Enhances, whereas Diol Treatment Attenuates Insulin Signaling in Vitro-sEH plays a key role in regulating the levels of EETs by degrading them into less potent metabolites, DHETs (24, 25) . sEHIs stabilize EETs and other epoxy fatty acids, such as EpOMEs from linoleic acid, by preventing their conversion to DHETs or the corresponding diols (Fig. 5A) (26) . To gain insight into the molecular mechanisms underlying sEH action, we determined the effects of treatment with EET and EpOME and their corresponding diols (DHET and DiHOME, respectively) on chemical-induced ER stress in HepG2 cells. As expected, sEH inhibition attenuated palmitate-induced ER stress, as evidenced by decreased PERK, eIF2␣, and IRE1␣ phosphorylation to levels comparable with basal levels (Fig. 5B, control (Ctrl) ). EET and EpOME treatment did not further attenuate palmitate-induced ER stress and exhibited comparable effects on ER stress signaling to control cells. On the other hand, DHET and DiHOME treatment increased ER stress and counteracted the effects of sEH inhibition (Fig. 5B) .
We reported previously that sEH deficiency and pharmacological inhibition in vivo enhance insulin signaling in liver and adipose tissue (32) . To investigate the molecular mechanisms underlying regulation of insulin signaling by sEH inhibition, we determined the effects of treatment with the substrates (EET and EpOME) and products (DHET and DiHOME) on insulin signaling in HepG2 cells. In line with our previous report (32) , sEH inhibition enhanced basal and, more robustly, insulinstimulated IR and AKT phosphorylation (Fig. 5C , control (Ctrl)). Importantly, EET and EpOME treatment enhanced IR and AKT phosphorylation, whereas DHET and DiHOME treatment significantly attenuated insulin signaling (Fig. 5C) . Remarkably, mitigation of ER stress using the chemical chaperone 4-phenylbutyric acid (51) enhanced the response of DHETand DiHOME-treated cells to insulin (Fig. 5D) . Taken together, these findings implicate sEH activity in the regulation of ER stress and insulin signaling.
DISCUSSION
The role of sEH in modulating ER stress and the physiological significance have heretofore remained largely unexplored.
In this study, we demonstrated that HFD-and chemical-induced ER stress increased sEH expression in vivo and in vitro, respectively. Importantly, sEH deficiency or pharmacological inhibition attenuated HFD-induced ER stress in liver and adipose tissue and chemical-induced ER stress in cells. Moreover, epoxy fatty acid treatment enhanced and diol treatment attenuated insulin signaling in vitro. Together, these findings dem- onstrate that sEH is a physiologically relevant regulator of ER stress and a potential therapeutic target for mitigating complications associated with the metabolic syndrome.
HFD-and chemical-induced ER stress increased sEH expression. Chronic high fat feeding significantly increased hepatic and adipose sEH protein expression in mice. These findings appear to translate to humans because overweight subjects exhibited increased adipose sEH expression. However, it is not clear if the increased sEH expression in overweight/obese rodents and humans can be directly attributed to obesity or other factor(s) such as an elevated proinflammatory response to a HFD. In addition, the regulatory point(s) for ER stress-induced sEH protein expression remains to be determined and could be due to increased expression and/or pre-translational alterations. The current findings are in line with a previous study that reported increased hepatic sEH expression in mice fed a HFD (60% kcal from fat) for 16 weeks (52) . On the other hand, another study indicates that high fat feeding (for 20 weeks) does not alter adipose sEH expression (but elevates adipose sEH activity) (30) . The discrepancy in adipose sEH expression could be due to differences in HFDs (42% kcal from fat versus 60% kcal from fat used in this study) and/or duration of the challenge. Of note, acute exposure to a hypolipidemic drug, the peroxisome proliferator clofibrate, leads to increased hepatic sEH expression and activity in mice (53, 54) . The effects of clofibrate-induced increases in sEH on ER stress remain to be determined and warrant additional investigation. Nevertheless, the increased expression of sEH after prolonged high fat feeding raises the possibility that hepatic and adipose sEH inhibition might mitigate chronic ER stress.
sEH deficiency or pharmacological inhibition attenuated HFD-induced ER stress in liver and adipose tissue and chemical-induced ER stress in cells. The three subarms of ER stress signaling (PERK, IRE1␣, and ATF6) were affected by sEH inhibition. Importantly, in vivo studies demonstrated that the effects of sEH inhibition on ER stress were primary and not secondary to body weight differences because KO and sEHItreated mice exhibited comparable body weights to control mice. In addition, in vitro studies established that the effects of sEH inhibition on ER stress were cell-autonomous. Moreover, inhibition of sEH hydrolase activity using two inhibitors (TUPS and 3,4,4Ј-trichlorocarbanilide) yielded comparable effects on ER stress, indicating that they were not unique to one inhibitor. Collectively, genetic and pharmacological studies clearly demonstrate that sEH modulates ER stress in a cell-autonomous manner.
These studies provided new insights into the molecular mechanism underlying regulation of ER stress by sEH. Hydrolysis of epoxygenated fatty acids is regulated by sEH, which degrades them into less potent metabolites. sEHIs stabilize EETs and other epoxy fatty acids by preventing their conversion to DHETs or the corresponding diols. Therefore, the sEHIinduced increase in EETs and other epoxy fatty acids and/or decrease in the corresponding diols will presumably attenuate ER stress. However, treatment of HepG2 cells with EET/ EpOME failed to attenuate ER stress (Fig. 5) . The underlying reason(s) is not known and could be due to rapid degradation of the added EET and EpOME, and additional studies examining various concentrations and treatment periods are warranted. Notably, DHET and DiHOME treatment increased ER stress and counteracted the effects of sEH inhibition (Fig. 5) . Thus, the observed increase in sEH expression in liver and adipose tissue after chronic HFD feeding (Fig. 1) will likely increase the concentration of diols and contribute to elevated ER stress.
ER dysfunction is a contributor to chronic metabolic deterioration, and sEH inhibition-mediated attenuation of ER stress likely contributes to a favorable metabolic status, including, but not limited to, enhanced insulin signaling. Chemical alleviation of ER stress improves insulin sensitivity in animal models (55, 56) and, more importantly, in obese humans (57, 58) . The mechanism by which ER stress impairs insulin action is complex and likely involves integration of ER stress response and inflammatory signaling cascades (4, 59, 60) . We reported previously that sEH deficiency and inhibition lead to increased insulin signaling in liver and adipose tissue (32) . In line with these observations, sEH inhibition enhanced basal and insulinstimulated signaling in HepG2 cells. In addition, cells treated with epoxy fatty acids exhibited increased insulin signaling. Whether this is due to decreased ER stress and/or other mechanism(s) such as attenuation of inflammatory signaling remains to be determined. Conversely, cells treated with diols exhibited blunted insulin signaling that could be mitigated by the attenuation of ER stress using a chemical chaperone. Together, these findings implicate sEH activity in regulation of insulin signaling. It is important to note that sEH-mediated regulation of ER stress can modulate glucose and lipid metabolism independent of insulin action. For example, XBP1 suppresses hepatic gluconeogenesis through interaction with FOXO1 (61), and hepatic Xbp1 deficiency prevents steatosis (62) . sEH inhibition attenuates HFD-induced hepatic steatosis due to a reduced inflammatory state (52); however, mitigation of ER stress cannot be FIGURE 5. Epoxy fatty acid treatment enhances and diol treatment attenuates insulin signaling in vitro. A, chemical structure of sEH substrates (EET and EpOME) and their conversion to the corresponding diols (DHET and DiHOME) by sEH. B, HepG2 cells were pretreated with a sEHI (TUPS) alone or in combination with EET, EpOME, DHET, or DiHOME (1 M each) for 1 h, and then ER stress was induced by treating cells with palmitate (0.5 mM) for 24 h. Lysates were immunoblotted for phospho-PERK (Thr 980 ), PERK, phospho-eIF2␣ (Ser 51 ), eIF2␣, phospho-IRE1␣ (Ser 724 ), IRE1␣, and tubulin. The bar graphs represent normalized data expressed as arbitrary units (A.U.) for phospho-PERK/PERK, phospho-eIF2␣/eIF2␣, and phospho-IRE1␣/IRE1␣ from six independent experiments and presented as means Ϯ S.E. *, p Յ 0.05, significant difference between palmitate-treated and non-treated randomly growing (RG) cells; **, p Յ 0.01; #, significant difference between palmitate (Pal)-treated and palmitate/sEHI (Pal ϩ sEHI)-treated cells. Ctrl, control. C, HepG2 cells were starved overnight in medium containing sEHI in combination with EET, EpOME, DHET, or DiHOME and then stimulated with insulin for 10 min. Lysates were immunoblotted for phospho-IR (Tyr 1162 /Tyr 1163 ), IR, phospho-AKT (Ser 473 ), and AKT. The bar graphs represent normalized data expressed as arbitrary units for phospho-IR/IR and phospho-AKT/AKT from six independent experiments and presented as means Ϯ S.E. *, p Յ 0.05, significant difference between sEHI-treated and non-treated (starved) cells; #, significant difference between sEHI-treated and sEHI/insulin-treated cells. D, HepG2 cells were starved overnight in medium containing sEHI in combination with DHET or DiHOME and then stimulated with insulin for 10 min. Where indicated, 4-phenylbutyric acid (4-BPA; 20 mM) was added. Lysates were immunoblotted for phospho-IR (Tyr 1162 /Tyr 1163 ), IR, phospho-AKT (Ser 473 ), and AKT. The bar graphs represent normalized data expressed as arbitrary units for phospho-IR/IR, and phospho-AKT/AKT from five independent experiments and presented as means Ϯ S.E. *, p Յ 0.05, significant difference between control and DHET/DiHOME-treated cells without 4-phenylbutyric acid; #, significant difference between 4-phenylbutyric acid-treated and non-treated cells.
excluded as a contributing factor and warrants additional investigation. Finally, ER stress has been proposed as a regulator of adipogenesis, although its precise function has not been fully elucidated (63, 64) . Thus, it is reasonable to hypothesize that attenuation of ER stress by sEH inhibition in adipocytes affects adipogenesis. Indeed, treatment of adipocyte stem cells with sEHI suppresses differentiation (65, 66) .
In summary, in this study, we have identified sEH as a regulator of ER stress and provided new insights into the underlying molecular mechanism and metabolic implications. A better understanding of sEH function may provide new therapeutic targets for mitigating complications associated with obesity and metabolic syndrome.
